Energy dispersive synchrotron diffraction (EDXRD) analysis and 3 dimensional digital image correlations were conducted to investigate the stress and strain effected transformation behavior during tensile loading of low alloyed TRansformation Induced Plasticity (TRIP) steel. This technique allowed for phase specific stress measurement during certain tensile load steps in the elastic and also plastic regime. Additionally the simultaneous determination of the load dependent phase content was realized. The results show that the martensite transformation starts only after exceeding the overall yield point and is finished before reaching the uniform elongation, whereas a large portion of the austenite remains unchanged in the structure. Furthermore, the martensite transformation related to the stress in the -phase and -phase was analyzed and quantified.
Introduction
In the last decade a change in body shell mass production has occurred in the automotive industry. In answer to the intensifying energy crisis and in order to meet customer requirements for automobiles such as weight reduction for energy saving and enhancement of passenger safety, new materials, e.g. advanced high strength steels (AHSS) have been applied. Important representatives of this material class are the TRIP-aided steels.
These steel types consist of ferrite, bainite, martensite and retained austenite with a volume fraction between 5 % and 20 % [1] [2] [3] .
The development and use of these modern multiphase-materials increasingly requires knowledge of phase-specific properties and a deep understanding of the local interactions between the various microstructural components. In the following it is shown how the specific material behavior can be analyzed by means of an appropriate in-situ monitoring.
EDXRD methods are predestinated for such investigations as they allow for measuring large diffraction patterns containing information of all crystalline phases appearing in the material.
The identification and quantification of martensite and also austenite at specific load situations can be reached within one measurement that way. Additionally robust residual stress measurements taking into account a large number diffraction lines can be conducted.
In this context, various in-situ investigations have been succesfully carried out incorprating the analyses of phase transformation and residual stresses during welding of novel Low
Transformation Temperature (LTT) alloys 4) , hydrogen lattice interactions in a stainless steel 5) and phase stability during tensile loading of a high strength steel 6) . In the following an example will be given how In-situ EDXRD measurements can contribute to reveal the localized interactions between load, stress and phase transformation of a low alloyed TRIP steel.
Experimental procedure
In this work, a commercial TRIP-aided steel (C 0.19, Mn 1.6, Si 0.6, Al 1.6 wt.-%) was analyzed using in-situ synchrotron diffraction at the energy dispersive beam-line EDDI of the Helmholtz association at the BESSY II storage ring in Berlin 7) . In 
with: This approach was adopted for all tensile loading steps under various -angles. The calculation of the phase specific stresses during each loading step was achieved by applying the well known sin 2 -method 9) based on all evaluated diffraction lines.
The measurement and evaluation parameters are summarized in Table 1 . 
Microstructure
The microstructure of the tested low alloyed TRIP steel is illustrated in Fig. 3 . The ferrite-bainite mixed structure is clearly seen. The retained austenite (white) was arranged as granular type at the grain boundaries of the ferrite. However, the often cited film type austenite in the bainite grain 10, 11) could not be explicitly detected with optical microscopy. Using the image processing software the austenite content was calculated to account for 18 %. interrupted stress-strain curve shows stress relaxation when the applied strain was held at a constant level necessary for diffraction analysis. This type of deviation is unavoidable and also documented in other work 12, 13) . As shown in previous work 6) the results of ex-situ and in-situ tensile tests are in good agreement and permit the conclusion that the true strain / stress values calculated ex-situ with 3D-DIC can be transferred to the in-situ measurement. For clarifying the deformation behavior of the tested TRIP steel during the tensile test the results of the strain field measurement were given, too. . In order to facilitate the discussion regarding M phase transformation, three limit points (P1 -P3) were determined as given by the true strain values and marked by vertical dotted lines. The point P1 characterizes the beginning of the plastic deformation, whereas P3 is the point at which macroscopic necking occurs. Based on the 3D-DIC (true strain) results it can be seen that the rate of the transformation is zero when only elastic stretching emerges (up to P1, see Figure   5b ), i.e. no stress-assisted martensite transformation was found.
Furthermore, results of Furnemont 14) have shown that, except for the martensite, the austenite is the hardest phase in the microstructure. Therefore, no straining of austenite happened below the overall yield point which means that no strain-induced austenite to martensite transformation can occur. For analyzing this fact in further investigations, the carbon content (which is a main factor for austenite stabilization) and the remaining austenite grain size should be taken into account, since For analyzing the transformation behavior with regard to the stress level, the evolution of the martensite content depending on the true stress (overall behavior) is given in Fig. 6a . It can be seen that the almost linear increase of transformed martensite took place between 400 MPa (P1 / overall yield point) and around 880
MPa (P2). However, as discussed above a further increase in stress up to or beyond the uniform elongation (950 MPa / P3) has no influence on the martensite transformation.
A closer look at the M phase transformation kinetics allows for the comparison between martensite evolution and the -phase specific stress as well as the -phase specific stress, The difference of 80 MPa correlates with the differences in the residual stresses between the -phase and the -phase at the initial state. Furthermore, by using synchrotron radiation the phase specific yield strength of the -phase could be detected to be around 380 MPa (P1 ), which is comparable to the overall yield strength. However, the yield strength of the austenite phase has a higher value of around 630 MPa (P1 ). These calculated values are lower than those given by other work. Thus, Furnemont 14) measured yield points for ferrite (500 MPa), bainite (650 MPa) and austenite (900 MPa) by using neutron diffraction.
The results of the phase specific stresses have shown that the austenite to martensite transformation starts at the beginning of the elastic plastic range upon exceeding the yield strength of both the -phase and the -phase yield strength. The nearly linear dependency between phase specific stress and martensite evolution is comparable to the overall behavior shown in Fig. 6a .
The martensite transformation takes place at the stress limit of 590 MPa in the -phase (P2 ) and of 1040 MPa in the -phase (P2 ). The comparison with the overall stress value reveals that at the end of the martensite transformation in the harder austenite phase a higher stress value ( = 160 MPa) is found, while the softer -phase offers a lower stress limit ( = 290 MPa).
Although the -phase has a lower volume fraction than the -phase the overall stress (P2) is closer to the -phase stress (P2 ).
Conclusions
Energy dispersive synchrotron diffraction analysis was conducted to investigate the stress and strain affected transformation behavior during tensile loading of low alloyed TRIP steel. This technique allowed for phase specific stress measurement during specific tensile loading steps in the elastic and also plastic regime. Additionally, the simultaneous determination of the load dependent phase content was realized.
In detail it was found that the martensite transformation is only strain induced. The transformation from austenite into martensite finished at a strain of 22.5 %. Higher amounts of strain did not lead to further transformation as the retained austenite may be highly carbon enriched and therefore stabilized. The total amount of transformed martensite after elongation beyond the uniform elongation was determined to be 6 %. The phase specific stress analysis revealed austenite as the stronger phase with a yield point of around 630 MPa. The initial -phase (ferrite/bainite) was found to be softer with a yield point of 380 MPa which is in agreement with the macroscopic yield strength. In addition to the overall behavior it was found that at the stress limit of 590 MPa in the -phase (P2 ) and of 1040 MPa in the -phase the phase transformation ended before the uniform elongation was achieved.
At that point 60 % of the initial austenite content remains untransformed.
